The capability of the Central Nervous System (CNS) to receive, integrate and compute information from and to the body is dependent on the maintenance of an electrochemical gradient of ions, organic molecules and osmotically driven water across the plasma-membrane of neural cells. Astrocytes, by contacting neurons and cells lining the fluid-filled compartments (microvasculature, ventricular and subarachnoid spaces) are strategic players in the homeostatic regulation of the brain. They are endowed with ion and water transmembrane channel proteins that are localized in specific plasma-membrane microdomains facing diverse liquid spaces. The astroglia-mediated homeostasis of the CNS *in vivo* relies on the maintenance of their morphology as well as the activity and distribution pattern of protein channels belonging to different microdomains[@b1][@b2][@b3]. Notably, derangement of ion and volume homeostasis can lead to pathophysiologies, such as hypoxia/ischemia, stroke, different forms of epilepsy and Alzheimer disease[@b4][@b5][@b6], which are characterized by perturbation of the astrocytic morphology and alterations to microdomain protein surface expression and/or polarized localization.

Among different types of voltage-dependent ion channels expressed by astrocytes *in vitro* and *in vivo*[@b7][@b8], the inward rectifying K^+^ conductance, mediated by the Kir4.1 channel, is mainly involved in the astroglial control of extracellular K^+^ homeostasis[@b9][@b10]. Notably, in the sclerotic hippocampus of patients with medial temporal lobe epilepsy, loss or disruption of the microdomain protein complex anchoring Kir4.1 is thought to alter K^+^ buffering and clearance, thus contributing to the epileptiform activity[@b11][@b12][@b13]. Expression of Kir 4.1 mRNA and protein, as well as the Kir 4.1 immunoreactivity increases markedly with increasing pathologic grade of human astrocytic tumors[@b14][@b15].

Studies *in situ* and *in vivo*, have identified aquaporin 4 (AQP4) as the molecular partner of Kir4.1 in the astroglial microdomains involved in the clearance of K^+^, by facilitating osmotic water movement through the plasma membrane[@b16][@b17]. It has been established that AQP4 is the first molecular player involved in pathological brain swelling leading to cytotoxic edema[@b18][@b19]. In primary brain tumors such as gliomas, K^+^ conductance and AQPs are potentially involved in mechanisms that promote cell invasion and the formation of brain metastasis[@b18][@b19][@b20][@b21]. In a mouse model of Alzheimer Disease (Tg-ArcSwe mouse) changes in AQP4 expression are evident at the early stages of plaque formation, indicating that a loss of astrocytic AQP4 polarization could play a key role in the pathogenesis of the disease[@b6].

All these pieces of evidence indicate that generating models intended for studying, manipulating and controlling of astrocytes Kir4.1 and AQP4 activity are therefore highly desirable.

When astrocytes are grown in culture, they lose their characteristic star-like shape as well as their AQP4 and Kir4.1 plasma membrane localization observed *in vivo*[@b2][@b22][@b23][@b24][@b25].

In this context, increasing attention is being paid to novel models, materials, nanostructured interfaces and devices enabling the control and modulation of protein channel serving micro-domain functionalities in astrocytes that might help to generate significant knowledge in CNS physiology and pathophysiology[@b22][@b23][@b24][@b25][@b26][@b27][@b28][@b29][@b30][@b31]. In particular, nano-engineered materials and devices have been shown to interact with neural cells, offering unprecedented potential to control the morphology and calcium signalling of astroglial cells at the nanoscale[@b23][@b26][@b27][@b28][@b29][@b30][@b31][@b32]. However, at present, nanomaterials capable of inducing astrocyte AQP4 and Kir4.1 polarized expression and modulation of their function *in vitro* have not yet been reported.

Hydrotalcite-like compounds (HTlc) also known as "anionic clays" or layered double hydroxides (LDHs), are a particular family of layered materials consisting of positively charged layers and exchangeable interlayer anions to maintain overall charge neutrality. The great scientific and technological relevance of HTlc stems from their tuneable layer charge density, variable elemental composition, high chemical stability and rich intercalation chemistry[@b33][@b34][@b35]. These advantages, together with their low toxicity and biocompatibility[@b36][@b37], make HTlc a very attractive class of layered solids, which find application in different fields such as medical science[@b38][@b39][@b40][@b41][@b42][@b43][@b44][@b45], polymeric nanocomposites[@b46][@b47] as well as photonics, sensing and opto-electronic devices[@b48][@b49][@b50]. Interestingly, it has been shown recently that thin films characterized by "rod-like" structures can be obtained from aqueous colloidal dispersion of ZnAl-HTlc nanoparticles[@b51].

Here, we evaluate the effect of the interaction of HTlc nanoparticle films with primary cultured rat neocortical astrocytes. We provide molecular and functional clues that HTlc films are suitable substrates to generate novel *in vitro* models to study the specific functionality and expression of astrocyte membrane channels Kir4.1 and AQP4.

Cell viability assays and morphological analysis here demonstrate the biocompatibility of HTlc films. The study of cells/substrate interaction indicates that HTlc films promotes astrocyte differentiation and favours a starlike morphology, more typical of astrocytes observed *in vivo*. The effect cannot be attributed to a gliotic reaction, as underlined by the absence of upregulation of Glial Fibrillary Acid Protein (GFAP), a typical marker of astrogliosis. The rearrangement of actin cytoskeleton and of vinculin focal adhesion point is involved in the observed effect. Molecular and functional analyses reveal that differentiation is accompanied by up-regulation in the expression and function of both inward rectifying potassium channel Kir 4.1 and AQP4.

These results pave the way for the potential use of HTlc films as new nanointerfaces targeted to modulation, recovery and study of astroglial functionalities and pathophysiologies *in vitro*.

Results and Discussion
======================

Dropcasted HTlc films have nanoscale, rod-like structures and form an optically transparent substrate
-----------------------------------------------------------------------------------------------------

To fabricate an easy to use nanoscale biocompatible interface we sought to take advantage of the self-assembly capability of HTlc[@b49][@b50][@b51][@b52][@b53][@b54]. Specifically, we used HTlc having the formula \[Zn~0.72~Al~0.28~(OH)~2~\]Br~0.28~ 0.69 H~2~O, the chemical structure of which is schematically reported in [Fig. 1a](#f1){ref-type="fig"}. An aliquot of the reported HTlc colloidal aqueous dispersion, at a concentration of 1 mg/mL, was dropped onto a glass coverslip and successively dried in a sterile hood ([Fig. 1b](#f1){ref-type="fig"}). Scanning electron microscopy (SEM) and atomic force microscopy (AFM) imaging were performed to provide an insight into the surface morphology, organization and roughness of HTlc films. SEM images at different magnifications of HTlc samples are reported in [Fig. 2a](#f2){ref-type="fig"}. As previously observed[@b51][@b52], the colloidal aqueous dispersion of HTlc having nanometric dimensions have a very high tendency to spontaneously form films. The formation of dense stacks of platelet-like HTlc nanocrystals results in rod-like structures in which individual nanocrystals aggregate in a preferential direction ([Fig. 2a](#f2){ref-type="fig"} right panel and inset). This behaviour can be related to the method used for film fabrication: small platelets of hydrotalcite in water probably migrate to the surface of the aqueous dispersion droplet during the slow solvent evaporation and aggregate assuming the rod-like shape[@b51]. At higher magnification, the typical hexagonal shape (see green arrows in [Fig. 2a](#f2){ref-type="fig"}, left panel) and the dimensions (diameter of approximately 150--200 nm) of the HTlc nanoplatelets can be observed according to previous literature data[@b51]. AFM images of HTlc films revealed the typical rod-like structure, in agreement with SEM observations, and a surface roughness (RMS) of approximately 134 nm ([Fig. 2b](#f2){ref-type="fig"}). Transparency is an essential feature for nanostructured interfaces to be used for *in vitro* cell culture. The transparency to visible light of HTlc films was investigated by light transmittance measurements. [Supplementary Figure S1a](#S1){ref-type="supplementary-material"} shows a transmission of 43--78% for HTlc across the visible spectrum (300--800 nm). The fair visible-light transparency of HTlc films can be attributed to the flat and uniform orientation of the HTlc platelets in the films. [Figure S1b](#S1){ref-type="supplementary-material"} shows the X-ray diffraction (XRD) patterns of HTlc films and HTlc nanoparticles in powder form. The interlayer distance (8.06 Å) of the HTlc in the films matches that of the HTlc powder and is compatible with the presence of bromide anions in the interlayer region. It is noteworthy that in the HTlc films, the intense 00l reflections and the absence of any in-plane reflections (h, k ≠ 0) at high angles is evidence of an extremely well c-oriented assembly of HTlc nanoplatelets[@b49][@b53][@b54].

HTlc nanoparticle films promote astrocyte morphological differentiation
-----------------------------------------------------------------------

In order to determine the impact of HTlc substrate on astroglial cell growth, pure rat neocortical astroglial cells were re-plated on glass coverslips coated with poly-D-Lysine (PDL) or with films obtained by casting a dispersion of HTlc nanoparticles.

Fluorescein diacetate (FDA) viability assays were performed after 3 days *in vitro* (div), 7 div and 15 div from re-plating astrocytes. Single plane confocal imaging analyses and morphological observations after 3 div and 15 div, reported in [Fig. 3](#f3){ref-type="fig"}, revealed viable astrocytes plated on PDL ([Fig. 3](#f3){ref-type="fig"}a,c) and HTlc films ([Fig. 3](#f3){ref-type="fig"}b,d). Polygonal flat shapes, resembling the typical phenotype of *in vitro* primary astrocytes grown on poly-styrene Petri dishes and silk biomaterials[@b22][@b23][@b24][@b25] were observed in cells cultured on PDL film. This morphology is retained until confluence that is reached after 15 div ([Fig. 3d](#f3){ref-type="fig"}). After 3 div from replating, astrocytes plated on HTlc films displayed a differentiated phenotype with processes departing from the cell body, which projected endfeet on distal cells ([Fig. 3b](#f3){ref-type="fig"}, white arrows). Moreover, after two weeks of growth, the distribution of cells on HTlc was not uniform but followed a specific linear pattern ([Fig. 3d](#f3){ref-type="fig"}, white arrows). The effect was even more relevant on cells plated at low density ([Fig. 3e,f](#f3){ref-type="fig"}). Quantitative analysis of cell viability was obtained by AlamarBlue (AB) assay. As shown in [Fig. 3](#f3){ref-type="fig"} ([Fig. 3g](#f3){ref-type="fig"}), the metabolic activity of astrocytes plated on HTlc increased over time with a rate comparable to that of cells grown on the PDL substrate. To verify astrocyte adhesion and proliferation on HTlc substrate, images of cells stained with DAPI were taken after 1 div, 7 div and 15 div ([Supplementary Figure S2](#S1){ref-type="supplementary-material"}) and the cell nuclei in each image were counted. In agreement with the cell viability assay, the histogram plot of the DAPI stained cell nuclei number/area, counted at different time points ([Fig. 3h](#f3){ref-type="fig"}) indicated that the number of astrocytes on HTlc samples was comparable to that on PDL. ([Supplementary Figure S2](#S1){ref-type="supplementary-material"}). It should be noted that long-term survival of astrocytes was severely compromised ([Supplementary Figure S3a](#S1){ref-type="supplementary-material"}) when substrates were made from micrometric HTlc (Figure S3b).

The percentage of differentiated astrocytes was determined in cells plated on PDL and HTlc by measuring the ratio between the vertical and horizontal axis of each cell with an elongated and star-like morphology (see experimental section). Quantitative analyses confirmed the observation that the percentage of differentiated astrocytes was higher when cells were grown on HTlc after 3 div compared to those grown on PDL. The difference was even more relevant after 7 div where the number of differentiated cells was 5 times higher on HTlc compared to the PDL value ([Table 1](#t1){ref-type="table"}). We also quantified the number of cell protrusions in astrocytes displaying radial and lateral processes. The number of protrusions is expressed as a percentage of the total number of differentiated cells and was classified as: "= 2 " and "\> 2 *".* After 3 div and 7 div 80 ± 0.6% % and 88.6 ± 0.7%, respectively, of differentiated cells displayed only 2 long protrusions while the minority displayed from 3 to 6 process. These data indicate that the elongated morphology was more evident than the stellated one in HTlc plated astrocytes.

To gain further insight into the effect of HTlc film morphology on astrocyte differentiation, we performed SEM images after 5 div from re-plating of astrocytes grown on PDL and HTlc ([Fig. 4a,b](#f4){ref-type="fig"}, respectively). Accordingly the cell morphology on PDL substrate resembled the polygonal shape reported in [Fig. 2](#f2){ref-type="fig"} ([Fig. 4a](#f4){ref-type="fig"}). On the other hand with respect to PDL, SEM images of astrocytes plated on HTlc films revealed that astroglial branches can be seen near rod-like structures at an average distance of 10 ± 1μm ([Fig. 4b](#f4){ref-type="fig"}, n of images = 30). Please note, images with higher magnification ([Fig. 4c--e](#f4){ref-type="fig"}) revealed that astrocytes were sealed to HTlc films by lateral small endfeet projections anchored to HTlc nanoplateles.

The results on morphology and cell survival analyses indicate that HTlc does not promote proliferative or hypertrophic cell growth, typical for astrogliotic cells ([Fig. 3](#f3){ref-type="fig"})[@b55][@b56]. On the contrary, they suggest that HTlc film promotes the morphological phenotype of astrocytes, typically observed in differentiated state occurring,for example, upon long term treatment with dibutyrril-cAMP[@b24]. It is also worth noting that process extension and cell growth following a specific direction pattern was observed on HTlc films ([Fig. 4](#f4){ref-type="fig"}). The formation of rod-like structure evidenced in [Fig. 1](#f1){ref-type="fig"} on HTlc samples could in fact induce the reported effect. We observed that astroglial cell viability was severely compromised over the long term when substrates were made of HTlc microparticles (Figure S3a), demonstrating the importance of the substrate dimensions and nanostructure for cell adhesion and viability. In this regard, it should be noted that films cannot be obtained by casting a suspension of micrometric HTlc (Figure S2b). Thus, detachment of HTlc powder from the substrate to the solution occurring over a long term could account for the lower cell viability.

Previous studies have shown that coating a pure Mg surface with Mg--Fe HTlc led to better cell adhesion and growth of human mesenchymal stem cells[@b57]. However, our study is the first to investigate the biocompatibility of HTlc films with cells of the CNS. Indeed, previously works reporting on biocompatibility with PC12 and cortical primary neurons[@b58], referred to nanoparticle suspension and not to HTlc films.

HTlc nano-particle films promote astrocytes morphological differentiation by promoting cytoskeleton rearrangement
-----------------------------------------------------------------------------------------------------------------

In order to investigate the mechanisms underpinning astrocytes and HTlc interaction, we performed F-actin and vinculin staining to mark cytoskeletal fibres and focal adhesion complex. As shown in [Fig. 5](#f5){ref-type="fig"} and [Supplementary S4](#S1){ref-type="supplementary-material"}, randomly interweaved F-actin fibres were observed on cells grown on PDL ([Fig. 5a](#f5){ref-type="fig"} and [Figure S4](#S1){ref-type="supplementary-material"}). A more ordinate and parallel pattern of actin fibres was observed in cells grown on HTlc films ([Fig. 5b](#f5){ref-type="fig"} and [Figure S4](#S1){ref-type="supplementary-material"}) with evident stressed fibres and a pronounced expression of actin on lateral endfeet. Astrocytes plated on PDL showed a mislocalized vinculin signal ([Fig. 5c](#f5){ref-type="fig"}), while focal adhesion tips appeared to be more localized in the endfeet and branches of astrocytes grown on HTlc films ([Fig. 5d](#f5){ref-type="fig"} arrowhead). We also quantified Focal Adhesion points (FA) by counting the number of vinculin contacts per cell ([Fig. 5e](#f5){ref-type="fig"}). The histogram plot of the averaged FA number/cell revealed a significantly higher rate of FA contact on HTlc with respect to the PDL control (p \< 0.05). Collectively these data support the tenet that HTlc films induce differentiation in astrocytes by promoting cytoskeleton and focal adhesion point rearrangement.

The reported results are in agreement with previous studies indicating that primary rat astrocyte differentiation can be obtained by treatment with agents that induce rearrangement of the cell cytoskeleton[@b59]. Moreover, it has been shown that nano- and micro-scale structured substrates induce stem cell and glial cell differentiation by activating mechano-transduction pathways which are initiated by integrin adhesion to the substrates that in turn initiate the rearrangement of the cell cytoskeleton[@b60]. Thus the effect we observed is likely to be due to the interaction of the astrocyte cell membranes with rod-like structures formed in HTlc film nanoplateles (see [Fig. 4b](#f4){ref-type="fig"}). In particular we focused on vinculin that is a component of the membrane-associated adhesion complexes that bind cells to extracellular matrix and adjacent cells. Vinculin is involved in regulating many aspects of cell-matrix adhesion, including the assembly, turnover and strength of focal adhesions, as well as tuning polymerization and modifying the structure of existing actin filaments[@b61]. Moreover, it has been demonstrated that morphological changes to astrocytes are accompanied by vinculin rearrangement[@b62]. In this view our data suggest that the vinculin rearrangement we observed is likely to be involved in initiation and induction mechanisms of astroglial differentiation induced by HTlc films.

Since morphological alteration occurs upon gliosis[@b55][@b56], we next evaluated the distribution and expression level of GFAP, a well known marker of astrogliotic cells *in vivo* and *in vitro,* by performing confocal imaging of immunofluorescent staining ([Fig. 6a](#f6){ref-type="fig"}) and immunoblotting ([Fig. 6b](#f6){ref-type="fig"}) of GFAP in astrocytes grown on PDL and on HTlc film, after 5 div. Immunofluorescence and immunoblotting confirmed that the expression levels of GFAP were not different in cells grown on PDL and HTlc, thereby indicating that HTlc does not promote gliotic reactions *in vitro*.

HTlc films promote molecular and functional expression of AQP4 and Kir4.1 on the cell membrane
----------------------------------------------------------------------------------------------

We then investigated the effect of HTlc on ion channels and AQP4, relevant for astroglial homeostasis. With this in mind, we performed immunofluoresence and confocal analyses to determine the expression of Kir 4.1 and the AQP4 distribution patterns on PDL and HTlc plated astrocytes.

Typical single plane confocal imaging of astrocytes grown on PDL and HTlc stained for AQP4 (red) Kir4.1 (green) and F-actin (blue) are reported in [Fig. 7](#f7){ref-type="fig"}. Importantly, while the expression of AQP4 and Kir4.1 in cells grown on PDL was mislocalized, cells with differentiated morphology grown on HTlc displayed a marked expression of both protein in the plasma membrane of astroglial endfeet and a co-localization with actin fibres in the proximity of the cell membrane ([Fig. 7](#f7){ref-type="fig"}, merge).

Western blot analyses and relative quantification ([Fig. 8](#f8){ref-type="fig"}) revealed that the expression levels of AQP4 ([Fig. 8a](#f8){ref-type="fig"}) and Kir4.1 ([Fig. 8b](#f8){ref-type="fig"}) were significantly higher in cells grown on HTlc. Notably, with respect to Kir4.1 the band that was highly expressed in cells grown on HTlc was the one at 50 KDa ([Fig. 8b](#f8){ref-type="fig"}) that corresponded to the band expressed in the plasma membrane in astrocytes[@b22].

Previous studies suggested that Connexin 43 (Cx43) could have molecular or functional interaction with AQP4[@b63]. Thus, we also evaluated the expression of Cx43 that was lower in HTlc compared to PDL plated cells ([Fig. 8c](#f8){ref-type="fig"}). However, the expression of Cx43 was lower on cells grown on HTlc compared to those grown on PDL,

Collectively these results indicate that growth of astrocytes on HTlc induced up-regulation of AQP4 and Kir4.1 protein expression and patterned distributions of these proteins in the plasma membrane of astroglial endfeet.

It might be asked whether the up-regulated protein and membrane expression of AQP4 and Kir4.1 might be causal or a secondary effect of mophological cell remodelling. It is plausible that astrocytes sensing the different topography underneath might need to rearrange their volume distribution and spatial buffering capability. In a previous study Nicchia and colleagues showed that the astroglial cells can change their morphology independently of AQP4 expression, and thus AQP4 plasma membrane localization is likely to be secondary to actin cytoskeleton remodelling and strictly linked to cell morphology[@b25].

It has been shown that the use of a nanopatterned surface to culture human neural stem cells (hNSC) can induce direct hNSC differentiation toward neurons rather than astrocytes, by acting on the cytoskeleton and by promoting Na^+^ channel current and protein expression in the plasma membrane. This study indicates that the dimensions and topography of nanostructures are mechanical and biophysical parameters that are important to promote or suppress a specific neural/glial cell phenotype[@b60]. Moreover, a recent model developed by Camassa *et al.*, showed that the highly specialized differentiated astrocytes can be established *in vitro* through inductive processes that include mechanical factors and cytoskeleton remodelling[@b31]. In this view and in line with these studies, our results indicate that the rearrangement of the actin cytoskeleton and of focal adhesion points are responsible for the induction of morphological differentiation and the marked molecular up-regulation of AQP4 and Kir4.1 observed in cells grown on HTlc films. Accordingly, the lower expression of Cx43 might depend on the lower number of interaction points between cells due to the increased differentiation process.

One of the main goals in this study was to verify the effects of HTlc on astroglial K^+^ channels and AQP4 function that are known to be involved in the physiology and pathophysiology of CNS *in vivo*.

To this end, whole-cell patch-clamp and water permeability measurements were performed on cells at low density, 3 days after replating on PDL and HTlc ([Fig. 9](#f9){ref-type="fig"}).

With intracellular and extracellular saline controls, cells were voltage clamped at a holding potential (V~h~) of −60 mV and, after stepping to −120 mV for 400 ms, a slow ramp (180 mV/600 ms) from −120 to 60 mV (inset in [Fig. 8a](#f8){ref-type="fig"}) was applied to evoke whole-cell currents. The current amplitude was recorded and passive membrane properties were calculated ([Table 2](#t2){ref-type="table"}). The resting membrane potentials (V~mem~) of PDL-seeded cells were −36 ± 3 mV, which was comparable with values previously reported for primary astrocytes grown *in vitro* on different substrates[@b22][@b23]. V~mem~ was more hyperpolarized (\~−70 mV) in HTlc-plated cells compared to PDL plated cells. Accordingly, a significant decrease was observed in the input resistance values (726 ± 94 MΩ in PDL-astrocytes, 55 ± 16 MΩ in cells grown on HTlc) while the specific conductance (spG; 0.58 ± 0.01 ns/pF for HTlc-plated cells and 0.04 ± 0.01 for PDL) recorded at −60 mV was one order of magnitude higher in HTlc-plated astrocytes than in PDL plated cells. As an additional indication that HTlc films modify astroglial cell morphology in cells seeded at low density, the capacitance was significantly higher in HTlc plated cells than in PDL plated cells (48 ± 6 pF for PDL-plated astrocytes; 61 ± 7 pF for HTlc plated cells).

The typical current profile of PDL and HTlc plated astrocytes, in response to the applied voltage ramp protocol, is shown in [Fig. 9a](#f9){ref-type="fig"}. The ramp current traces in PDL-plated cells displayed a strong outward rectification, as witnessed by negligible currents recorded at membrane potentials below −40 mV ([Fig. 9a](#f9){ref-type="fig"}, left pannel). Compared to currents recorded on the same days in PDL-plated cells, the current traces elicited in HTlc- astrocytes ([Fig. 9a](#f9){ref-type="fig"}, right panel), showed a double rectification profile with large inward currents activated at membrane potentials more negative than −40 mV. Importantly, current density recorded at −120 mV and +60 mV was significantly higher for HTlc compared to PDL-plated cells (-3.6 ± 0.6 pA/pF at −120 mV and 44 ± 5.1 at +60 mV for PDL (n = 20); −27 ± 4 pA/pF at −120 mV and 75 ± 10.5 at +60 mV for HTlc-plated cells (n = 27)). It has previously been shown that barium (Ba^2+^) selectively blocks Kir channels in cultured astrocytes[@b12][@b22][@b23][@b64]. The inward current expressed by HTlc plated cells was inhibited by sub-milli-molar concentrations (200 μM) of Ba^2+^, as indicated by the IV plot in the inset of [Fig. 9a](#f9){ref-type="fig"}. Note that a part of the outward current was also sensitive to Ba^2+^ application, suggesting a weak-rectifying nature of the Kir conductance, resembling Kir4.1 conductance previously reported in differentiated astrocytes *in vitro* and *in situ*[@b12][@b22][@b23][@b24][@b64].

To analyze the voltage- and time-dependencies of conductance expressed by PDL- and HTlc-plated cells, astrocytes were stimulated with 500-ms voltage steps (V~h~ = −60 mV) from −120 to 60 mV in 20 mV increments (inset of [Fig. 9b](#f9){ref-type="fig"}). Representative current traces obtained on PDL and HTlc astrocytes in response to the applied voltage are displayed in [Fig. 8b](#f8){ref-type="fig"}. Rapidly activating, non-inactivating, voltage-dependent whole-cell currents were elicited with the family of voltage-step protocols at potentials positive to −40 mV in PDL astrocytes ([Fig. 9b](#f9){ref-type="fig"} left panel). Differently, in response to a voltage-step protocol, inward currents at negative membrane potentials were induced in HTlc plated cells ([Fig. 9b](#f9){ref-type="fig"}, right panel), which were fully activated within 50 ms and did not display any time-dependent inactivation. All the data indicate that PDL-plated astrocytes have voltage-gated K^+^ channels activated at membrane potentials more positive than −40 mV. The biophysical properties recorded on PDL plated cells overlap those of K~DR~ previously characterized *in vitro* on different substrates such as polystyrene Petri dishes, or poly-ornitine and silk fibroin[@b23][@b24][@b25]. Furthermore, Kir conductance is responsible for mediating the up-regulated conductance in HTlc-plated cells with biophysical and pharmacological features of Kir4.1 previously reported for astrocytes differentiated *in vitro* and *in situ*[@b12][@b22][@b23][@b24][@b64].

Finally, water permeability was measured using the calcein method ([Fig. 9c](#f9){ref-type="fig"}, upper panel)[@b65][@b66]. The histogram plot reported in [Fig. 9d](#f9){ref-type="fig"} summarises the swelling rates (τ) for the astrocyte grown on PDL or on HTlc, indicating that the swelling rate in response to solution exchange between saline and hypotonic solution was higher in astrocytes grown on HTlc than that of those grown on PDL.

Different methods have been recently reported to promote astrocytic functional differentiation via addition of chemicals to the bath media[@b22][@b23][@b24][@b25]. Of note among them it has been shown that, by using agents acting on the actin cytoskeleton, the expression and function of AQP4 and Kir 4.1 can be remodelled *in vitro*[@b22][@b23][@b24][@b25][@b66]. This is not surprising as extracellular soluble signals are known to play a critical role in maintaining astrocytes homeostasis in the CNS[@b1][@b3]. However, the CNS is also composed of extracellular matrix macro-molecules that interact and mechanically support astroglial cells, by acting also via physical parameters. In this respect, the use of nanoscale HTlc could mimic the interaction of astrocytes with components of the extracellular matrix[@b31].

It has been shown that functionalized single-walled carbon nanotube films induce morphological and functional changes such as increased glutamate uptake in mouse cortical astrocytes[@b28][@b29][@b67]. Moreover, it has been recently discovered that nano-roughness of silica films can modulate the function of hippocampal neurons and their relationship with astrocytes via mechanical stimuli[@b31]. Finally, different models of Blood Brain Barrier have been recently demonstrated using pore filters[@b31] as well as a combination of filters and functionalized multi-walled carbon nanotubes[@b68].

However, with respect to previous models our study is the first one reporting the demonstration of functional and molecular up-regulation of both Kir4.1 and AQP4 *in vitro* in astrocytes, which are essential and pivotal molecules in astroglial homeostatic microdomains *in vivo*[@b1][@b2][@b3][@b4][@b5][@b6][@b7][@b8]. Moreover, our approach has the advantage that we could obtain astroglial differentiation by using casted films without any need of either patterning or chemical functionalization of the surface.

Conclusions
===========

We have demonstrated that a new simple and ready to use substrate promotes astrocyte molecular and functional differentiation *in vitro* without needing to add chemicals to the bath media.

The HTlc film enables viability and growth of astrocytes even after weeks of culture. The mechanism underneath the differentiation involves the focal adhesion complex and the actin cytoskeleton rearrangement. Our results open the route for the potential use of HTlc as a substrate for the growth and the study of differentiated astrocytes *in vitro* without needing to nanopattern bio-interfaces, or chemical functionalization of the surface.

The present model might be an important tool to promote an increase in knowledge of the molecular events and functional dynamics that have clinical relevance in several cerebral disorders and that involve dishomeostasis of the CNS, through alteration of the expression of AQP4 and Kir4.1 at the plasma membrane of astroglial foot-processes.

Methods
=======

Synthesis of ZnAl-HTlc nanoparticles and film preparation
---------------------------------------------------------

Colloidal aqueous dispersion of ZnAl-HTlc nanoparticles having the formula \[Zn~0.72~Al~0.28~(OH)~2~\]Br~0.28~ 0.69 H~2~O were prepared by the double-microemulsion technique described in the refs [@b51] and [@b52]. The chemical composition of the ZnAl-HTlc was determined by TG/DTA and ICP-OES analyses. TEM and AFM studies revealed that the products of the synthesis were nanoparticles 150--200 nm in width and 20--30 nm high[@b51]. For the film preparation, a 160 μL aliquot of ZnAl-HTlc colloidal dispersion at a concentration of 1 mg/mL was dropped on 19 mm diameter glass coverslips and successively dried for 4 h in a sterile hood. The obtained ZnAl-HTlc films were used for transmittance, AFM, SEM, XRD, cell viability and immunofluorescence measurements. In this manuscript, the ZnAl-HTlc films will be referred to simply as HTlc. Microparticles of ZnAl-HTlc were obtained using the urea method reported in ref. [@b69].

Film characterization
---------------------

Transmittance spectra were collected using a Jasco V-550 UV-Vis Spectrophotometer. XRD patterns were taken with a Philips X'PERT PRO MPD diffractometer operating at 40 kV and 40 mA, with a step size of 0.0170 2*θ* degree, and a step scan of 20 s, using Cu Kα radiation and an X'Celerator detector. Atomic Force Microscope (AFM) topographical images were collected using an NT-MDT Solver Scanning Probe Microscope operated in tapping mode.

Cell culture
------------

The experiments were performed according to the Italian law on protection of laboratory animals, with the approval of a local bioethical committee of the University of Bologna Department of Pharmacy and Biotechnology and under the supervision of the veterinary commission for animal care and comfort at the University of Bologna. Every effort was made to minimize the number of animals used and their suffering.

Primary cultures of pure cortical rat astrocytes were prepared as described previously[@b22][@b23][@b24]. Briefly, cerebral cortices devoid of meninges from postnatal rats (p0-p2) were triturated and placed in cell culture flasks containing Dulbecco's modified Eagle's medium (DMEM)--Glutamax added with 15% fetal bovine serum (FBS) and penicillin--streptomycin (100 U/mL and 100 lg/mL, respectively) (Gibco-Invitrogen, Milan, Italy). Cells were maintained in culture flasks in a humidified incubator with 5% CO~2~ for 2--5 weeks. When confluence was reached, astrocytes were dispersed using trypsin--EDTA 0.25%, and the cell suspension was re-plated on PDL or HTlc-coated glass coverslips (19 mm diameter) at a density of 7--10 × 10^3^ per dish.

Cell viability and counting
---------------------------

The time course of astrocyte viability and the biocompatibility on PDL and HTLc films were analyzed by means of AlamarBlue (AB) assay, as described previously[@b70][@b71].

On the day of the assay, AB reagent was added directly to the culture medium (10% v/v) of each sample. After 6 h of incubation, 100 μl of AB-containing medium was transferred into a 96 multiwell-plate and fluorescence measurement (545 nm~Ex~/590 nm~Em~) was performed using a Thermo Scientific Varioskan Flash Multimode Plate Reader.

On the same day, cells from the same preparation were stained with DAPI at different time points. Fifteen different fields of 0.6 × 0.6 mm were captured for each sample, using a Nikon ECLIPSE 80i microscope, equipped with appropriate fluorescence filters and a Nis-elements F300 CCD camera at each time point. Nuclei were counted and the number of cells/mm^2^ was calculated and expressed as mean ± SE.

Cell differentiation measurement
--------------------------------

Differentiation induced by interfacing astrocytes with HTLc film, was evaluated according to the following morphological criterion: elongated and star-like astrocytes were distinguished from polygonal astrocytes, considered as undifferentiated cells[@b72][@b73]. In particular, a cell was considered differentiated when the vertical axis of each cell was at least two times longer than the horizontal axis. Cell imaging and morphological analyses were performed by FDA assay, as described previously[@b23][@b74]. Briefly, astrocytes plated on the different coverslips were mounted on a custom made perfusion chamber and incubated for 5 min with fluorescein diacetate (Sigma Aldrich). Samples were rinsed with PBS three times. A sequence of confocal images (10 to 15 different fields of 0.6 × 0.6 mm for each sample) was taken using a Nikon TE 2000 inverted confocal microscope (20× oil-objective). Living cells were counted and the number of cells/mm^2^ was calculated and compared at each analyzed time point.

Quantitative analysis was carried out by counting differentiated and undifferentiated cells from astrocytes in FDA-positive (viable) cells plated on PDL and HTLc film and imaged after 3 div and 7 div. The number of differentiated cells was expressed as a percentage of the total number of live cells.

Immunofluorescence and Confocal Microscopy
------------------------------------------

The following antibodies were used: Mouse anti-GFAP (Sigma Aldrich, Milan, Italy), Goat anti-AQP4 polyclonal (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-Kir 4.1 (Alomone, Jerusalem, Israel) all diluted to 1:300 and Rabbit anti-Vinculin (Life Techonogies, Monza, Italy) diluted 1:200 were used as primary antibodies. The secondary antibodies used for immunofluorescence were donkey anti-mouse CY3 (Jackson Labs), Alexa488-conjugated donkey anti-rabbit and Alexa594-conjugated donkey anti-goat (Molecular Probes, Eugene, OR) at a dilution of 1:1000. Cultured astrocytes plated on coverslips were fixed in 4% paraformaldehyde, washed in phosphate buffered saline (PBS), and permeabilized with 0.3% Triton X-100 in PBS. After blocking with 1% BSA in PBS, cells were incubated with primary antibodies for 2 h at RT, washed in PBS and incubated for 1 h at RT with Alexa conjugated secondary antibodies and with ATTO 647N-Phalloidin (Fluka Analytical, St Louis, MO) and Phalloidin-FITC (Sigma-Aldrich, Milan, Italy) to stain F-actin filaments. Coverslips were mounted on slides, using a mounting medium (50% Glycerol, 0.01% N-Propil-Gallate in PBS) and examined with a confocal microscope (TCS SP5, Leica) or with a Nikon TE 2000 inverted confocal microscope equipped with 20× and 60× oil-objectives and a 400 nm diode, 488 nm Ar^+^ and 543 nm He-Ne lasers as exciting sources. Micrometric images of Vinculin-stained cells were captured with a Nikon Eclipse 80i fluorescent microscope equipped with 20× and 40× objectives.

Western Blot analyses
---------------------

Western blot analyses was performed as described previously[@b22]. Briefly, samples containing 25 μg total protein were separated on SDS--polyacrylamide gels and electrotransferred on to nitrocellulose membranes (Bio-Rad Laboratories), blocked in 5% BSA in PBS containing 0.05% Tween 20 and probed overnight at 4 °C with primary antibodies against Kir4.1 (1:400, Alomone Laboratories, Jerusalem, Israel), AQP4 (1:500, Santa Cruz Biotechnology) and Cx43 (1:500, Sigma Aldrich). After washing with phosphate-buffered saline plus Tween 0.05% v/v (PBST) membranes were incubated with horseradish peroxidase-conjugated IgG secondary antibodies (Sigma) and developed with ECL-Plus (Bio-Rad).

Scanning Electron Microscopy
----------------------------

Astrocytes plated on HTlc films and PDL were fixed with 2.5% glutaraldehyde in phosphate buffer saline (PBS) at 4 °C, for 1 hour. Each sample was than rinsed three times in PBS for 5 minutes before being stained for 1 hour in 1% osmium tetra-oxide (O~s~O~4~) at room temperature; three further rinsings with distilled water were then performed. Then samples were sequentially dehydrated in 50%, 75%, 95% and 99% ethanol. Dried specimens were sputter-coated (QR150RS, Quorum Technologies Ltd, East Sussex, UK) with gold (10 nm thickness) before analysis with a SEM-FEG Hitachi S4000.

Electrophysiology
-----------------

Current recordings were obtained with the whole-cell configuration of the patch-clamp technique. Patch pipettes were prepared from thin-walled borosilicate glass capillaries to have a tip resistance of 2--4 MΩ when filled with the standard internal solution. Membrane currents were amplified (List EPC-7) and stored on a computer for off-line analysis (pClamp 6, Axon Instrument and Origin 6.0, MicroCal). Because of the large current amplitude, the access resistance (below 10 MΩ) was corrected by 70--90%. Experiments were carried out at room temperature (20--24 °C).

Solutions and chemicals
-----------------------

All salts and chemicals employed for the investigations were of the highest purity grade (Sigma). For electrophysiological experiments, the standard bath saline was (mM): 140 NaCl, 4 KCl, 2 MgCl~2~, 2 CaCl~2~, 10 HEPES, 5 glucose, pH 7.4 with NaOH and osmolarity adjusted to ∼315 mOsm with mannitol. The intracellular (pipette) solution was composed of (mM): 144 KCl, 2 MgCl~2~, 5 EGTA, 10 HEPES, pH 7.2 with KOH and osmolarity ∼300 mOsm. When using external solutions with different ionic compositions, salts were replaced equimolarly. The different salines containing pharmacological agents were applied using a gravity-driven, local perfusion system at a flow rate of ∼200 μl/min positioned within ∼100 μm of the recorded cell.

Osmotic Water Permeability
--------------------------

Primary cultured astrocytes grown on 20 mm diameter round glass coverslips were washed with PBS and incubated with 10 μM of Calcein-AM (Invitrogen, Milan, Italy) for 25 min at RT. The osmotic properties of astrocytes were analysed using the time course of fluorescence quenching methods[@b65], measured in response to the osmotic gradient. Water permeability was measured by using a Nikon TE2000U Microscope equipped with a Nikon Laser TIRF setup[@b75]. Cells were initially perfused with PBS (30 mL/min, temperature 10 °C) and then subjected to hypoosmotic treatment by reducing the NaCl concentration of PBS. The time course of fluorescence, measured in response to osmotic gradient, was used to assess the osmotic properties of cells. The kinetics of osmotic volume changes were characterized by comparing the time constants of cell swelling (obtained from experimental data) fitted to a single exponential function. Images were analysed using NIS-Element AR 3.1 software.

Statistical Analysis
--------------------

In the histogram plots, the values are presented as means ± SE of the number of experiments indicated in the figure legend. The Student's t-test for unpaired data was used. Differences were considered significant only when P-values were \<0.05.

Additional Information
======================

**How to cite this article**: Posati, T. *et al.* A Nanoscale Interface Promoting Molecular and Functional Differentiation of Neural Cells. *Sci. Rep.* **6**, 31226; doi: 10.1038/srep31226 (2016).

Supplementary Material {#S1}
======================

###### Supplementary Information

We are grateful for financial support from the Consorzio MIST E-R through the Programma Operativo FESR 2007--2013 della Regione Emilia-Romagna -- Attività I.1.1. (T.P., A.S.), from the EU through the Marie Curie project ITN-OLIMPIA 316832, from the MIUR through the PRIN 2009 project - 2009AZKNJ7 and FIRB Futuro in Ricerca RBFR12SJA8_002 (A.P; E.S.;F.F. V.B.) and RBFR12SJA8_001 (GPN). Stefano Ferroni and Dr. Alessia Minardi from the Dept of Pharmacy and Biotechnology at the University of Bologna are kindly acknowledged for their assistance with astrocyte cell culture preparation, Dott Franco Corticelli from IMM-CNR, Bologna Italy for his assistance in SEM microscopy, as well as Prof. Antonio Cipiciani and Dr. Francesca Bellezza from the Dept of Chemistry at the University of Perugia for their help with HTlc synthesis. The authors would like to thank Richard Lusardi for his assistance in revising the English of the article.

**Author Contributions** T.P. planned the experiments on Hydrotalcite, performed Hydrotalcite synthesis and characterization, analyzed the results and wrote the manuscript. A.P. performed the viability assays, immunofluorescence on GFAP, vinculin and actin and analysed the results. E.S. performed the cell alignment and viability assay and analyses. F.F. performed western blot analyses. M.G.M. performed immunofluorescence on ion channels and aquaporin 4. G.P.N. performed water permeability measurement and wrote the manuscript. E.T. performed Hydrotalcite synthesis and characterization. A.S. performed Hydrotalcite film preparation. M.N. performed Hydrotalcite film SEM and XRD. M.B. performed SEM imaging of astrocytes grown on Hydrotalcite films. F.V. performed SEM imaging of astrocytes grown on Hydrotalcite films. S.B. performed Hydrotalcite film AFM. M.C. performed western blot analyses and analyzed the results. R.Z. contributed to the discussion of the results, corrected and commented on the manuscript. M.M. contributed to the discussion of the results, corrected and commented on the manuscript. V.B. planned the experiments, performed electrophysiological experiments analyzed the results and wrote the manuscript.

![Structure and preparation of ZnAl-HTlc films.\
(**a**) Schematic representation of the side view (left) and of the top view (right) of the ZnAl-HTlc structure. (**b**)Scheme showing ZnAl-HTlc film preparation.](srep31226-f1){#f1}

![Morphological characterization of HTlc films.\
(**a**) SEM images at different magnifications of ZnAl-HTlc film (**b**) AFM topographical images of ZnAl-HTlc film (RMS\~134 nm).](srep31226-f2){#f2}

![Viability and morphology of astrocytes on PDL and HTlc films.\
(**a--f**) Single plane confocal images of astrocytes stained for FDA, representing viable cells plated on PDL (**a,c**) and on HTlc (**b,d**) captured after 3 div (**a,b**), and 15 div (**c,d**). (**e,f**) Low density plated astrocytes captured after 7 div; note differentiated astrocytes plated on HTlc (**g**) Time course of astrocyte viability on PDL and HTLc film, investigated by AB assay at different time points. Data are plotted as the averaged percentages of reduced AB ± Standard Error (SE) versus div. (**h**) Histogram plot reporting the averages of astrocyte nuclei number, counted on images of cells grown on PDL (gray bars) and on HTlc films (green bars). (p \> 0.05, independent t test).](srep31226-f3){#f3}

![SEM imaging of cells plated on PDL (**a**) and HTlc (**b--e**): note the presence of elongated branches in astrocytes plated on HTlc that follow the rod like structure of HTlc. (**c**--**e)** high magnification images of cells plated on HTlc films revealing lateral endfeet in astrocyte processes projecting to HTlc nanoplatelets.](srep31226-f4){#f4}

![F-actin cytoskeleton and Vinculin proteins expression in astrocytes plated on PDL and HTlc.\
Micrographs representing astrocytes imunostained for actin (**a,b**) and vinculin (**c,d**) grown on PDL (**a**,**c**) and HTlc fims (**b,d**). (**e**) Hstogram plot reporting the number of Focal Adhesion (FA) contacts per astrocyte, which were counted in cells plated on PDL (gray bars) and on HTlc films (green bars). Data are expressed as means ± SE (n = 25; \*p \< 0.05).](srep31226-f5){#f5}

![GFAP protein expression in astrocytes plated on PDL and HTlc.\
(**a**) Confocal imaging of astrocytes stained with GFAP. Scale bar is 50 μm. (**b**) immunoblotting and quantification of the expression level of GFAP. β-actin (right panel) is used as control for signal normalization. Lower panel: histogram plots evidencing protein fold of change over the control. Note that the expression level of GFAP was not significantly different between PDL and HTlc (n = 3). Cropped images of the entire blots are reported. However, no other specific signals were observed within the blot length.](srep31226-f6){#f6}

![AQP4 and Kir 4.1 protein expression in astrocytes plated on PDL and HTlc.\
(**a)** Confocal imaging of astrocytes grown on HTLc NPs (upper panels) and PDL (lower panels) and stained for AQP4 (red), and Actin (green). (**b)** Confocal imaging of astrocytes grown on HTLc NPs (upper panels) and PDL (lower panels) and stained for Kir4.1 (red), and GFAP(green). A merged image of the channels is reported on the right side of the panel, revealing that AQP4 and Kir 4.1 are highly up-regulated in the endfeet of astrocytes grown on HTlc NPs.](srep31226-f7){#f7}

![Western blot analyses and quantification of protein expression of AQP4 (**a**) Kir4.1 (**b**) and Cx43 (**c**) on astrocytes plated on PDL and HTlc. β-actin (**a,b**, lower panels) and α-tubulin were re-blotted and used as controls for signal normalization. Histogram plots evidencing change in protein expression with respect to the control are reported in the right panels of the figures. Values are the mean ± SE. (n = 3; \*p \< 0.01). Cropped images of the entire blots are reported. However, no other specific signals were observed within the blot length.](srep31226-f8){#f8}

![Functional properties of HTlc-plated astrocytes.\
(**a,b**) Typical current traces evoked by a holding potential (Vh) of −60 mV stimulating astrocytes with a voltage ramp or voltage step family (insets). Astrocytes (left panels) plated on PDL displayed only voltage-dependent outward rectifying K^+^ conductance. Astrocytes plated on HTlc coated coverslips (Right panels), display an inward conductance in response to a hyperpolarizing stimulus that is inhibited after extracellular superfusion with Ba^2+^ (**a**, inset, red trace 2). Note inhibition by Ba^2+^ of outward currents in HTLc-treated astrocytes, suggesting a weak rectification profile of the inward current typical of Kir4.1. (**c**) Micrograph of calcein-loaded astrocytes showing the different shape of astrocytes grown on PDL vs those grown on HTlc. Histogram summarizing the swelling rates (τ) for the astrocytes grown on PDL or on HTlc. Value is the mean ± SE. (n = 30; P \< 0.05).](srep31226-f9){#f9}

###### Percentage of differentiated astrocytes grown on PDL and HTlc.

           3 div     7 div
  ------ --------- ---------
  PDL     21% ± 2   10% ± 3
  HTlc    27% ± 4   52% ± 2

###### Electrophysiological properties of astrocytes plated on PDL and HTlc 1.2.

  Electrophysiological properties    V~mem~ (mV)   Cp (pF)    I R (MΩ)      spG (nS/pF)     I ~−120mV~ (pA/pF)   I ~60mV~ (pA/pF)
  --------------------------------- ------------- --------- ------------- ---------------- -------------------- ------------------
  PDL                                  −36 ± 3     48 ± 6     726 ± 94      0.04 ± 0.01         −3.6 ± 0.6           44 ± 5.1
  HTlc                               −70 ± 1\*\*   61 ± 6    55 ± 16\*\*   0.58 ± 0.1\*\*      −27 ± 4\*\*         75 ± 10.5\*

Mean values of electrophysiological membrane properties of astrocytes grown on PDL (n = 16) and HTlc (n = 20). V~mem~: resting membrane potential; Cp:membrane capacitance; IR: input resistance; spG: specific conductance; I~−120mV~: inward current density; I~60mV~: outward current density. \*p \< 0.05 \*\*p \< 0.01 (Student's t-test).

[^1]: These authors contributed equally to this work.
